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Urara Yokose1, Akira Hachiya1, Penkanok Sriwiriyanont2, Tsutomu Fujimura1, Marty O. Visscher3,
William J. Kitzmiller4, Alexander Bello5, Ryoji Tsuboi6, Takashi Kitahara1, Gary P. Kobinger5 and
Yoshinori Takema7
UVB exposure is well known to induce skin photodamage and photoaging that correlates with qualitative and
quantitative deterioration of the dermal extracellular matrix (ECM) because of the upregulation of matrix
metalloproteinases (MMPs). Although inhibitory effects of tissue inhibitor of metalloproteinases (TIMPs) on
most MMPs have been reported, the protective role of TIMP-1 against photodamage is poorly understood. To
address this, TIMP-1 function was augmented or abolished in a human skin xenograft photodamage model after
the confirmation of significantly diminished TIMP-1 expression both in photoaged and intrinsically aged skins.
During a chronic UVB exposure regimen, pre-treatment with a lentiviral vector overexpressing TIMP-1 or
concomitant administration of an anti-TIMP-1-neutralizing antibody (NAB) led to photoprotection or more
severe photodamage, respectively. Overexpression of TIMP-1 resulted in significant inhibition of UVB-induced
ECM degradation, as well as suppression of decreased skin elasticity and roughness, whereas the NAB-
mediated inhibition of TIMP-1 had opposite effects. Furthermore, UVB-induced production of the pro-
inflammatory cytokine, tumor necrosis factor a, was inhibited by TIMP-1 treatment of human keratinocytes.
Taken together, these data shed light on the important role of TIMP-1 in protection and recovery from
cutaneous photodamage because of its suppression of ECM degradation and inflammation.
Journal of Investigative Dermatology (2012) 132, 2800–2809; doi:10.1038/jid.2012.204; published online 21 June 2012
INTRODUCTION
Photodamaged and/or photoaged skin correlates physiolog-
ically with aggravation of the structural integrity of the
extracellular matrix (ECM), including the increased disin-
tegration and/or reduction of elastins and collagens, the main
constituents of the dermal ECM (Uitto, 1986; Fisher et al.,
2002). The deterioration of such fibers correlates with the
induction of matrix metalloproteinases (MMPs), a family of
zinc-dependent endopeptidases secreted by epidermal kera-
tinocytes and dermal fibroblasts (Ka¨ha¨ri and Saarialho-Kere,
1997; Sawicki et al., 2005). MMP-1 (collagenase), MMP-3
(stromelysin), and MMP-9 (gelatinase) functions are stimu-
lated via DNA binding of activator protein-1 (Fisher et al.,
1996; Brenneisen et al., 2002) and cause the concomitant
degradation of collagens I and III following UVB irradiation
(Brennan et al., 2003). In addition, the reduction of collagens
IV and VII at the dermal–epidermal junction has also been
documented in photodamaged skin, which suggests that
repetitive UVB exposure escalates the degradation of those
collagens by upregulating MMP-2 (collagenase and gelat-
inase) and MMP-9 expressions (Contet-Audonneau et al.,
1999; Inomata et al., 2003). Furthermore, the deterioration of
the elastic fiber network characterized by few oxytalan fibers
in the papillary dermis and by fragmented/destructed elastic
fibers in the reticular dermis, which are consequently
replaced with the denatured elastotic materials, has also
been reported in photoaged skin because of UVB-induced
elastase activities including neutrophil elastase, fibroblast
elastase (neutral endopeptidase; neprilysin), and MMP-12
(Seo et al., 2001; El-Domyati et al., 2002).
Endogenous matrix–degrading protease inhibitors, termed
tissue inhibitor of metalloproteinases (TIMPs), antagonize the
activity of most MMPs through the tight non-covalent 1:1
formation in a variety of cells including cutaneous cells (Bode
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et al., 1999). TIMP-1, originally isolated from rabbit bone as a
collagenase inhibitor, was found to be responsive to various
external stimuli including growth factors and cytokines
(Sellers et al., 1979). An imbalance between MMP and TIMP
activities is required to trigger excessive ECM degradation,
which leads to tissue remodeling of the reproductive system,
such as ovulation and embryonic developments and tumor
invasion and metastasis (Brenner et al., 1989; Liotta et al.,
1991; Goldman and Shalev, 2004). In contrast, the potential
involvement of TIMP-1 in the skin protection and/or recovery
from photodamage and/or photoaging remains unknown,
although there are morphological changes after chronic UVB
exposure.
Animal models and human skin substitutes are frequently
used in studies evaluating skin photodamage and photoaging.
However, results from those studies may be misleading
because of their inferior architectures, exemplified by
relatively thin epidermal layers and compromised barrier
functions (Chouinard et al., 2001). The use of human skin
should be more appropriate for studying skin photoaging
(Kang et al., 1997; El-Domyati et al., 2002), and therefore we
previously established a comprehensive photodamaged/
photoaged skin model using human skin xenografted onto
severe combined immunodeficient (SCID) mice (Hachiya
et al., 2009). This model reflects both epidermal and dermal
changes following chronic UVB exposure, including the
rearrangements of dermal ECM because of MMP dispropor-
tion. In addition, we previously established an efficient gene
transfer technique into human skin and hair xenograft models
using an HIV-based vector pseudotyped with the envelope
glycoprotein from vesicular stomatitis virus-G (Hachiya et al.,
2007; Sriwiriyanont et al., 2009). In this study, the human
skin xenograft model was used in combination with a
lentiviral vector and an anti-TIMP-1-neutralizing antibody
(NAB) to further investigate the role of TIMP-1 in skin
protection and recovery from UV photodamage.
RESULTS
Expression of TIMP-1, but not TIMP-2 or TIMP-3, is significantly
decreased both in photoaged and intrinsically aged skin
To characterize the role of TIMP-1 to prevent photodamage
and/or aging, TIMP-1 transcript expression levels were first
evaluated both in photodamaged/photoaged and intrinsically
aged skin. TIMP-1 transcript expression was found to be
significantly lower in the xenografted human skins exposed to
UVB irradiation for 6 weeks and in the intrinsically aged
skins compared with the controls (non-exposed skins or
young skins), whereas the expression of TIMP-2 and TIMP-3
remained statistically unchanged in the aged skins (Figure
1a–d). In agreement with the transcript expression, TIMP-1
protein expression was also confirmed to be reduced in both
aged skins (Figure 1e and f), suggesting a potential role for
TIMP-1 in protection against skin aging.
Inhibition or overexpression of TIMP-1 significantly accelerates
or suppresses chronic UVB-induced photodamage, respectively
After confirming the inhibitory effect of the TIMP-1 NAB on
the secreted TIMP-1 activity from fibroblasts (Supplementary
Figure S1 online), subepidermal injections of TIMP-1 NAB
were administered repeatedly during the UVB exposure
regimen. Noninvasive evaluation revealed furrow formation
accompanied by increased skin surface roughness at 4 and
6 weeks in the UVB-exposed skin treated with a nonspecific
IgG (UVB-irradiated control) (Figure 2a and b). In contrast,
UVB-induced furrow formation with some scaling was
observed earlier in the skin treated with the TIMP-1 NAB.
Consistently, values of Sa and Sz, measures of skin photo-
damage, were significantly higher at 4 and 6 weeks in skin
treated with the TIMP-1 NAB plus UVB irradiation compared
with the UVB-irradiated control (Figure 2b). Interestingly,
treatment with the TIMP-1 NAB alone without UVB exposure
also significantly aggravated the skin appearance compared
with the nonspecific IgG-treated control (Figure 2b).
Following those TIMP-1 inhibition studies, an HIV-based
lentiviral vector designed to overexpress TIMP-1 was
administered intradermally in xenografted human skin before
the repetitive UVB exposure, as shown schematically in
Figure 3a. During the course of UVB irradiation, furrow
formation developed gradually in the reporter gene–trans-
duced skin (Figure 3b), in accordance with the quantitative
analysis of skin surface roughness, indicating significant
increases both in Sa and Sz after UVB exposure for 4 and 8
weeks (Figure 3c). Furrow formation was maintained at least
6 weeks after the final UVB exposure (Figure 3b and c).
In contrast, the UVB-induced skin roughness was hardly
changed in the TIMP-1-transduced skin where the enhanced
expression of TIMP-1 was confirmed (Supplementary Figure
S2 online). Consistent with the change in skin roughness, the
UVB-induced decrease in skin elasticity was suppressed by
TIMP-1 overexpression. Values of pure elasticity ignoring
creep (Ur/Ue) (data not shown) and elastic recovery/total
deformation (Ur/Uf) in skin overexpressing TIMP-1 were
significantly higher than those in the reporter gene–trans-
duced skin after UVB irradiation for 4 weeks (Figure 3d). In
agreement with the data of elasticity recovery from the UVB-
induced damage in TIMP-1-transduced skin, the delta Sz
value in TIMP-1-treated skin between 24 hours and 6 weeks
after the final UVB irradiation was significantly greater than
in the enhanced green fluorescent protein–or b-galactosidase-
treated skin (Supplementary Figure S3 online), supporting a
role for TIMP-1 in the protection and recovery from
cutaneous photodamage.
Overexpression of TIMP-1 prevents UVB-induced deterioration
of collagen and elastic fibers
In parallel with the noninvasive evaluation, further analyses
focusing on changes in the dermal ECM were performed to
clarify how TIMP-1 protects and improves the skin from UV-
induced photodamage. In contrast to the skin treated with the
TIMP-1 NAB clearly demonstrating the aggravation of UVB-
induced degradation of collagen I and IV (Supplementary
Figure S4a, S4b online), UVB-induced downregulation of
collagen I expression was suppressed in the skin over-
expressing TIMP-1 (Supplementary Figure S5 online).
In addition, immunohistological and Masson’s Trichrome
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staining analyses in the UVB-exposed skin also demonstrated
a marked decrease and/or degradation of collagen I, whose
expression was observed throughout the dermis of non-
irradiated skin, although this deterioration was obviously
suppressed in TIMP-1-overexpressed skin (Figure 4a and b
and Supplementary Figure S6a online). Furthermore, a
discontinuous expression of collagen IV along the dermal-
epidermal junction and blood vessels caused by 8 weeks of
UVB exposure still remained at 6 weeks after the final
irradiation, whereas the TIMP-1-treated skin maintained its
expression abundantly (Figure 4c and Supplementary
Figure S6b online). Corresponding to these collagen alter-
ations, UVB-induced MMP activities using MMP-1/MMP-9
substrate were significantly inhibited by TIMP-1 overexpres-
sion (Figure 4d).
In addition to the protection of collagens by TIMP-1
overexpression, Luna staining and immunostaining for
fibrillin-1 and elastin revealed that fine elastic fibers (oxytalan
and elaunin fibers) and robust elastic fibers located in the
papillary dermis and the reticular dermis, respectively, in the
non-UVB-irradiated skin appeared to be reduced and/or
digested in the continuously UVB-exposed skin, whereas
both elastic fibers were clearly protected in TIMP-1-trans-
duced skin with fewer infiltrating cells (Figure 5a and b). In
agreement with the protection of elastic fibers against UVB-
induced degradation, the UVB-dependent stimulation of
MMP-12 activity, an elastin-degrading enzyme produced by
dermal fibroblasts (Labat-Robert et al., 2000), was also found
to be significantly impaired following TIMP-1 overexpression
(Figure 5c). Together, the above-mentioned findings clearly
suggest that the activities of MMP collagenases and elastases
including MMP-12 are elevated by UVB exposure to
deteriorate dermal collagen and elastic fibers, respectively,
resulting in skin elasticity decrease followed by surface
roughness increase, whereas TIMP-1-overexpressed skin is
protected and recovered from such an UVB-caused deterio-
ration attributed to the stimulation of ECM-disintegrating
abilities.
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Figure 1. Significantly lower expression of tissue inhibitor of metalloproteinase (TIMP)-1 in photodamaged/photoaged and intrinsically aged skins.
(a–c) Xenografted human skin 24 hours after the repetitive 6-week UVB exposures at 1–2 minimal erythema dose were collected and subjected to real-time
reverse transcriptase PCR (RT-PCR) analyses of TIMP-1 (a), TIMP-2 (b), and TIMP-3 (c) transcript expression using the ABI Prism 7300 sequence detection
system. (d) Total RNAs extracted from human skin biopsies at the ventral area of upper arms donated by young (26- to 28-year-old, n¼ 4) and old
(50- to 52-year-old, n¼ 3) Caucasian women were used. *Po0.05. (e, f) Immunohistological staining for TIMP-1 expression was demonstrated using the
paraffin-embedded sections. Xenografted human skins with or without UVB irradiation for 8 weeks (e) and biopsied skins from upper arm of 30-year-old
(young) and 60-year-old (old) Caucasian women (f) were stained. Bars¼50 mm.
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Dermal and epidermal photodamage is alleviated by
overexpression of TIMP-1
The inhibitory effects of TIMP-1 on the secretion of tumor
necrosis factor (TNF)-a, a well-known primary proinflamma-
tory cytokine (Kondo and Sauder, 1995), was evaluated in
human keratinocytes to provide further insight into the
protective mechanism(s) of TIMP-1 against UVB-induced
photodamage. When human keratinocytes were exposed to
UVB, the TNF-a production was remarkably increased
compared with untreated cells, as previously reported
(Leverkus et al., 1998). In contrast, TNF-a synthesis by
UVB-irradiated cells concomitantly treated with human
recombinant TIMP-1 protein was significantly reduced in a
dose-dependent manner (Figure 6).
DISCUSSION
Cutaneous photodamage, also known as sun damage, is
categorized as acute (e.g., sunburn), or more commonly
chronic, as seen with gradual deteriorations in the skin
because of accumulated sun exposure. Chronic photodamage
Nonspecific
IgG
0 Weeksa
b
Non-UVB + nonspecific IgG (control)
UVB + nonspecific IgG (UVB-irradiated control)
Non-UVB + TIMP-1 NAB
UVB + TIMP-1 NAB
25 100
R
ou
gh
ne
ss
 (S
a, 
μm
)
R
ou
gh
ne
ss
 (S
z, 
μm
)
2 Weeks 4 Weeks 6 Weeks
Nonspecific
IgG + UVB
TIMP-1
NAB
TIMP-1
NAB + UVB
30
1: vs. UVB-irradiated control 1: vs. UVB-irradiated control
2: vs. control 2: vs. control
15
10
5
1*2*
1*2**
1**2**
1**2*
1*2**
1*2**
1**
1**
1**1**
2**
2**
2**
2*
2**
2**
2*
0 Weeks 2 Weeks 4 Weeks 6 Weeks 0 Weeks 2 Weeks 4 Weeks 6 Weeks
0
80
60
40
20
0
Figure 2. Acceleration of photodamage by inhibition of tissue inhibitor of metalloproteinase (TIMP)-1 in xenografted human skin during the course of UVB
exposure. (a) En face representative images of xenografted skin were captured at 0, 2, 4, and 6 weeks using a handheld Charm View microscope. Nonspecific
IgG control (nonspecific IgG), TIMP-1-neutralizing antibody (NAB) treatment (TIMP-1 NAB), UVB irradiation with nonspecific IgG treatment (nonspecific
IgGþUVB), and UVB irradiation with TIMP-1 NAB treatment (TIMP-1 NABþUVB). Bars¼3mm. (b) Skin profilometry of replicas used to evaluate the surface
roughness with arithmetic mean roughness (Sa) and arithmetic average of maximum peak to valley height (Sz) as parameters. N¼7 in each group. *Po0.05,
**Po0.01; versus the values of 0 weeks or IgG controls.
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results in cosmetic changes in appearance of the skin, also
known as photoaging (Uitto, 1997), and may lead to the
aggravation of medical and health problems such as
photocarcinogenesis. One of the most crucial events in the
skin triggered by UVB irradiation is the expression of various
pro-inflammatory cytokines including TNF-a and inflamma-
tory mediator prostaglandins (Gro¨ne, 2002; Pupe et al.,
2002). These UVB-induced cytokines are initially released by
keratinocytes and inflammatory cells, and act in a cascade
to induce ECM degradation via the activation of MMPs.
In addition, pro-inflammatory cytokines also interfere with
synthesis of the ECM (Takashima et al., 1996), resulting
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40
For
4 weeks
For
6 weeks
50 60
0 Weeks 6 Weeks
6 Weeks
10 Weeks
10 Weeks
14 Weeks
14 Weeks
20 Weeks
20 Weeks0 Weeks
a
6 W
ee
ks
10
 W
ee
ks
14
 W
ee
ks
20
 W
ee
ks
0 W
ee
ks
6 W
ee
ks
10
 W
ee
ks
14
 W
ee
ks
20
 W
ee
ks
0 W
ee
ks
6 W
ee
ks
10
 W
ee
ks
14
 W
ee
ks
20
 W
ee
ks
0 W
ee
ks
Reporter gene
+
non-UVB
Reporter gene
+
UVB
Reporter gene + non-UVB
(control)
1: vs. UVB-irradiated control
Reporter gene + UVB
(UVB-irradiated control)
UVB-irradiationUVB-irradiationUVB-irradiation
R
ou
gh
ne
ss
 (S
z, 
μm
)
R
ou
gh
ne
ss
 (S
a, 
μm
)
Ur
/U
f
1: vs. UVB-irradiated control
2: vs. control 2: vs. control
TIMP-1
+
UVB
20 100 0.8
TIMP-1 + UVB
60 60 60 60 60 mJ cm–2
: UVB irradiation
15
2** 2** 2** 2** 2**
**
2**
1*2*
1* 1* 1*
1*
1*
10
5
0
80
60
40
20
0
0.6
0.4
0.2
0
b
c d
Reporter gene + non-UVB
(control)
Reporter gene + UVB
(UVB-irradiated control)
TIMP-1 + UVB
Figure 3. Protection of skin from photodamage by overexpression of tissue inhibitor of metalloproteinase (TIMP)-1. (a) Lentiviral vectors were intradermally
injected into skin xenografts, followed by continuous UVB irradiation as indicated. (b) En face representative images were captured at 0, 6, 10, 14, and 20
weeks. Non-UVB-irradiated reporter gene control, UVB-irradiated reporter gene control, and TIMP-1-overexpressed skin with repetitive UVB exposure are
shown at the top, middle, and bottom, respectively. Bars¼3mm. (c) Skin profilometry of replicas at the indicated time points. *Po0.05, **Po0.01. (d) For skin
elasticity measurement, a 5-second load of 200 hPa was applied, followed by a 2-second relaxation period. **Po0.01.
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in the deterioration of photodamaged skin, as well as
increasing the incidence of various inflammatory skin
diseases. In this study, we demonstrate for the first time, to
our knowledge, using a human skin xenograft model, that
TIMP-1 has a vital role in the protection of human skin from
photodamage/photoaging.
One of the most important issues addressed in this study
refers to how the UVB-induced ECM deterioration is
prevented by augmentation of TIMP-1 expression/activity,
which results in protection and improvement of cutaneous
photodamage. It has been widely accepted that chronic UVB
exposure deteriorates skin roughness, which is correlated
with the reduced skin elasticity mainly attributed to the
elevation of the MMP regulatory pathway, activator
protein-1, resulting in denatured and/or decreased collagen
and elastic fibers in the dermis (Fisher et al., 1996, 2009;
Imokawa et al., 2008; Hachiya et al., 2009). Consistent with
the deteriorating effect of elevated MMP activities on
photodamaged skin, it has also been documented that
administration of a chemical MMP inhibitor prevents UVB-
induced wrinkle formation in hairless mice (Inomata et al.,
2003). Given that TIMP-1 was originally recognized as an
inhibitor of various MMP activities and is downregulated in
aged skin as highlighted in this study, combined with the fact
that imbalances of MMPs/TIMPs cause excessive ECM
degradation, it is reasonable to propose that the enhancement
of TIMP-1 expression/activity could lead to the development
of promising remedies against cutaneous aging, including
the aggravated cutaneous elasticity and surface roughness.
Especially for its role in the protection of elastic fiber
network, its inhibitory impact on MMP-12 among cutaneous
elastases has been addressed in this study despite the fact that
UVB-induced degeneration of elastic fiber network has been
observed to be accompanied with increased activities of
elastin-degrading proteases apart from MMP-12 (Takema
et al., 1994; Morisaki et al., 2010; Takeuchi et al., 2010). In
agreement with the hypothesized role for TIMP-1, TIMP-1
administration had impacts neither on the activities of
neprilysin or neutrophil elastase nor on the expression of
elastic fiber–related factors (elastin and fibrillin-1) (data not
shown) in our study. With regard to the mechanism(s)
underlying the diminished TIMP-1 expression both in
photoaged and intrinsically aged skins, a recent publication
reporting transforming growth factor-b1 to be one of the key
regulators of TIMP-1 expression in intrinsically aged skin
(Quan et al., 2010) encouraged us to examine its expression
levels in extrinsically aged skin. Consistent with this, UVB-
exposed skin 6 weeks after the final irradiation was also found
to demonstrate significantly decreased transforming growth
factor-b expression compared with non-UVB-irradiated
control (data not shown). Because transforming growth
factor-b was also documented to regulate the expression of
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Figure 4. Tissue inhibitor of metalloproteinase (TIMP)-1 overexpression suppresses the UVB-induced degradation of collagens, resulting in the protection and
improvement of photodamaged skin. (a) Immunohistological staining with rabbit polyclonal antihuman collagen I and normal rabbit IgG was performed on
paraffin-embedded sections obtained from skins treated with a reporter gene–overexpressing vector with or without UVB irradiation for 8 weeks and from the
UVB-exposed skin with overexpression of TIMP-1. Bars¼ 100 mm. (b) Masson’s Trichrome staining was performed at the same time points as mentioned above.
Bars¼ 20 mm. (c) Immunohistological staining was conducted to detect collagen IV at 6 weeks after the final UVB irradiation. Bars¼ 100mm. (d) After repetitive
UVB exposure for 4 weeks, matrix metalloproteinase (MMP) activities (MMP-1/MMP-9) in control and TIMP-1-overexpressed xenograft skins were measured as
described in the Materials and Methods section. N¼5B6 in each group. *Po0.05.
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collagenases in a reciprocal manner (Edwards et al., 1987;
Overall et al., 1989), the contribution of transforming growth
factor-b signaling to the protection of skin from aging would be
acceptable from the viewpoints of the maintenance of TIMP-1
expression and of the suppression of collagenase expression.
It is also of interest to explore the unidentified function of
TIMP-1 in preventing UVB-induced inflammation, in addition
to its direct role as an MMP inhibitor. It is well known that
TNF-a derived from keratinocytes after UVB exposure is one
of the primary initiators that induce early-phase inflammatory
reactions, followed by the induction of nearby endothelial
cells and keratinocytes to express cell adhesion molecules,
thereby recruiting inflammatory cells that secrete elastases
and collagenases (Briscoe et al., 1992; Rijken et al., 2006), as
well as the stimulation of MMP-1 synthesis via activator
protein-1 in dermal fibroblasts (Fisher and Voorhees, 1998;
Lee et al., 2006). Our finding on the suppression of the UVB-
induced release of TNF-a, as well as the induction of
infiltrating cells by TIMP-1 treatment, indicates the protective
role of TIMP-1 during the initial inflammatory reaction. In
relation to the publications suggesting that the increased
TNF-a secretion after UVB irradiation is regulated at various
levels including transcriptional and post-transcriptional mod-
ification and processing of a precursor protein (Kock et al.,
1990; Leverkus et al., 1998), a further investigation into the
TIMP-1 contribution to the inhibition of UVB-induced
production of TNF-a in vivo is required. However, it is
conceivable that TIMP-1 directly and/or indirectly inhibits
TNF-a-converting enzyme activity, because our study ex-
plained that the administration of human recombinant
TIMP-1 had no effect on the increased TNF-a transcriptional
expression after UVB irradiation (data not shown).
In this study, we verified that TIMP-1 expression is
decreased both in extrinsically and intrinsically aged skin and
that treatment with a TIMP-1 NAB during the UVB exposure
regimen aggravates the photodamage of human skin xeno-
grafted onto SCID mice. More importantly, enhancement of
TIMP-1 expression suppresses TNF-a production and prevents
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Figure 5. Protection of elastin fibers from UVB-induced digestion in xenografted human skin. (a) To evaluate the role of tissue inhibitor of metalloproteinase
(TIMP)-1 in the protection of elastic fibers, Luna staining was conducted on paraffin-embedded sections from controls (nonexposed and 4-week-exposed skin
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using the SensoLyte 520 MMP-12 Assay Kit Fluorimetric. **Po0.01.
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degradation of the ECM, resulting in protection and recovery of
human skin from photodamage. These findings provide
previously unreported insights for the fundamental under-
standing of regulatory mechanisms underlying photodamage
and photoaging, and provide a basis to develop an efficient
strategy for the treatment of UV-induced skin disorders.
MATERIALS AND METHODS
Materials
The RNAlater and the RNeasy micro kits were purchased from Qiagen
(Valencia, CA). The ABI Prism 7300 sequence detection system and
TaqMan Gene Expression Assays were obtained from Applied
Biosystems (Foster City, CA). Other chemicals were of reagent grade.
Human skin
Full-thickness abdominal and breast skin samples from a healthy 41-
year-old Caucasian woman and a healthy 46-year-old Caucasian
woman (University Pointe, Cincinnati, OH) were used for skin
xenograft studies. Three to four skin punch biopsies from the ventral
upper arms of healthy Caucasian females in their twenties, thirties,
fifties, and sixties (Stephens and Associates, Carrollton, TX) were also
used for the studies of transcript and protein expressions. These studies
were conducted according to the Declaration of Helsinki protocols.
Collection of the specimens was approved by the Institutional Review
Board of Cincinnati Children’s Hospital Medical Center or the
IntegReview Ethical Review Board (Austin, TX), and written informed
consent was obtained from all volunteers before the procedures.
Animal grafting
Eighty female ICR-SCID mice, 4–6 weeks old (Taconic Farms,
Germantown, NY), were handled according to the guidelines of
Institutional Animal Care and Use Committee at Cincinnati Children’s
Hospital and were kept under pathogen-free conditions throughout
the experiments. Full-thickness abdominal and breast skins as
explained above were xenografted onto SCID mice as described
previously (Hachiya et al., 2009).
UVB exposure
Using UVB lamps (340044-1 lamps; UVB, Upland, CA) with a filter
yielding an emission peak near 302nm, chronic UVB exposure of
human skin xenografted onto SCID mice was started approximately
10 weeks after the grafting when healing was complete, as previously
described elsewhere (Hachiya et al., 2009). The human skin grafts
were irradiated five times weekly for 6 or 8 weeks, yielding total UVB
doses of approximately 1.65 or 2.2 J cm–2, respectively. Before or after
each UVB exposure, a 30-second mechanical stretching was applied
to simulate the physiological movement of human skin.
Human neonatal keratinocytes (ATCC, Manassas, VA) were
irradiated by UVB exposure using FL20SE lamps (290–320 nm;
Toshiba, Tokyo, Japan) twice at 48-hour intervals in the presence of
human recombinant TIMP-1 (R&D Systems, Minneapolis, MN) as
previously documented (Hachiya et al., 2001).
Administration of TIMP-1 NAB
During the UVB exposure regimen, 20 mgml–1 TIMP-1 NAB
(Biogenesis, Brentwood, NH) was subepidermally injected into the
xenografted human skin three times per week (every other day) for
6 weeks. The same concentration of purified mouse IgG (Vector
Laboratories, Burlingame, CA) was used as a control.
Lentiviral vector design
The Delta UX3M-9 lentiviral transfer vector was modified
from DeltaUX3 by adding two unique restriction sites (Xbal and
Mlul) at nt 2518 after partial digestion with Notl and was ligated
with a custom linker. Clones from this ligation were confirmed
after Xbal digestion. Full-length TIMP-1 was prepared from a
skin complementary DNA library (Invitrogen, Carlsbad, CA) using
the following primer sets.
1. TIMP-1-50: ATATATCTAGAGCCACCATGGCCCCCTTTGAGCC
2. TIMP-1-30: ATATAGGATCCGGCTATCTGGGACCGCA
After PCR amplification, the TIMP-1 sequence was cut with Xbal
and BamHI, and was then cloned into pBlueScript. After sequence
confirmation, TIMP-1 in pBlueScript was released using Xbal and
BamHI and was cloned into DeltaUX3M-9 as an in-frame fusion
with the woodchuck hepatitis virus post-transcriptional regulatory
element. Finally, the helper packaging construct pCMVR8.2 encod-
ing the HIV helper function, the transfer vector DeltaUX3M-9-
TIMP-1 encoding the human TIMP-1 gene, and the plasmid
encoding vesicular stomatitis virus-G were used for triple transfec-
tion as described elsewhere (Watson et al., 2002). The transfer
vector DeltaUX3M-9-enhanced green fluorescent protein and
DeltaUX3M-9-b-galactosidase were also prepared as reporter
gene–expressing vectors. Their titers were examined as previously
described (Croyle et al., 2004).
Overexpression of TIMP-1 in xenografted human skin
After replication competent lentivirus-free certification, five aliquots
of 25 ml of vesicular stomatitis virus-G-pseudotyped lentiviral vector
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Figure 6. UVB-induced increase in secretion of tumor necrosis factor (TNF)-
a is prevented by tissue inhibitor of metalloproteinase (TIMP)-1. Two lines of
human keratinocytes incubated with human recombinant TIMP-1 (hrTIMP-1)
protein (R&D Systems) at concentrations of 5 or 10 nM were exposed to
30mJ cm–2 UVB twice with a 48-hour interval to emphasize the reaction of
cutaneous cells against UVB irradiation. Twelve hours after the second
irradiation, the conditioned media were collected and TNF-a levels were
measured by ELISA. The concentration of TNF-a was normalized by the total
protein amount of keratinocytes. One of the series of experiments is
representatively demonstrated. N¼ 3 in each group. **Po0.01, *Po0.05.
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encoding TIMP-1 or enhanced green fluorescent protein or E. coli b-
galactosidase reporter genes (1.5 109 transducing units perml)
were intradermally injected into completely healed human skin
xenografted onto ICR-SCID mice twice at a 1-week interval as
described elsewhere (Hachiya et al., 2007).
Skin profilometric measurement
Replicas of skin xenografts were prepared at 0, 2, 4, and 6 weeks
and at 0, 6, 10, 14, and 20 weeks in TIMP-1-suppressing and
-overexpressing experiments, respectively, followed by the optical
measurement using PRIMOS Compact (GF Messtechnik GmbH,
Berlin, Germany) as described elsewhere (Hachiya et al., 2009).
Briefly, two two-dimensional parameters, Sa (arithmetical mean
roughness) and Sz (arithmetic average of maximum peak to valley
height of the roughness values of five consecutive sampling sections
over the filtered profile), were used as photodamage indicators.
Elasticity assessment
Skin elasticity was analyzed using the Cutometer SEM575 (Courage
and Khazaka Electronic, Koln, Germany) as previously documented
(Takema et al., 1994). In short, a 5-second load of 200 hPa was
applied, followed by a 2-second relaxation for the evaluation with
four parameters, Ue (immediate deformation), Uv (delayed disten-
tion), Ur (immediate refraction), and Uf (final distention).
Ur=Ue ¼ pure elasticity ignoring creep
Uv=Ue ¼ viscoelastic=elastic extension
Ur=Uf ¼ elastic recovery=total deformation
MMP activity assays
The whole skin collected 24 hours after UVB irradiation for 4 or 8
weeks was solubilized in a buffer composed of 200mM NaCl, 50mM
Tris-HCl (pH 7.6), 5mM CaCl2, 20 mM ZnSO4, and 0.05% Brij-35.
Two to ten micrograms of the extracted tissues was used to assess the
activities of MMP-1/MMP-9 and MMP-12 using the fluorescent-
tagged substrate (Calbiochem, San Diego, CA) and the SensoLyte
520 MMP-12 Assay Kit Fluorimetric (AnaSpec, San Jose, CA),
respectively, according to the manufacturer’s instructions. The net
MMP-1/MMP-9 activity was calculated by subtracting the activity in
the presence of MMP inhibitor III and MMP-2/MMP-9 inhibitor
(Calbiochem) from the measured total.
In addition, the culture media (1.2 mgml–1) from fibroblasts were
also used to confirm the inhibitory activity of TIMP-1 NAB using the
fluorogenic substrate (R&D Systems) according to the manufacturer’s
instruction.
Real-time reverse transcriptase-PCR analysis
Transcript expression levels of TIMP-1, TIMP-2, and TIMP-3 were
examined using real-time quantitative reverse transcriptase–PCR
normalized against ribosomal protein large P0 (RPLP0). Total RNA
was prepared from xenografted human skin and biopsied skin
specimens collected in RNAlater (Qiagen, Valencia, CA) as
previously described (Hachiya et al., 2009).
Western blotting analysis
Xenografted skin samples were prepared for western blotting analysis
as described elsewhere (Hachiya et al., 2009). Briefly, 20 mg of each
sample, separated on SDS gels (Bio-Rad Laboratories, Hercules, CA)
and transferred to PVDF membrane (Bio-Rad), was incubated with
antihuman TIMP-1 (Gene-Tex, Irvine, CA) or antihuman collagen I
(United States Biological, Swampscott, MA) antibodies. Subsequent
visualization was performed and normalized against a control
protein, b-actin (Sigma, St Louis, MO).
Immunohistochemistry
Xenografted human skins and skin biopsies were fixed in 10%
buffered formalin and embedded in paraffin. The immunoreactivities
specific to the antibodies for human collagens I (United States
Biological) and IV (Abcam, Cambridge, MA), human TIMP-1
(Abcam), human elastin (Abcam), and human fibrillin-1 (Millipore,
Billerica, MA) were assessed as previously documented (Hachiya
et al., 2009) and/or according to the manufacturer’s instructions.
Histological staining
Sections (5mm thick) of xenografted human skins were stained by
conventional Luna staining and conventional Masson’s Trichrome
staining to visualize fine elastic and collagen fibers, respectively.
ELISA for TNF-a
Conditioned media from irradiated and nonirradiated keratinocytes
were subjected to ELISA (R&D Systems) to quantify TNF-a levels
according to the manufacturer’s instructions.
Statistics
Levels of significance of differences among the groups were
calculated by Student’s t-test. In addition, a nonparametric one-way
analysis of variance (Kruskal–Wallis test) was used to evaluate
differences between treatments. Where appropriate, a nonparametric
post hoc multiple comparison test (Steel–Dwass test) was carried out
to assess differences between groups. Differences in the mean or raw
values among the groups are considered significant when Po0.05.
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